The effects of slight atmospheric pressure fluctuations (APFs) within two ranges of periods attributed mostly to far infrasound (3 s-120 s) and internal gravity waves (120 s-1200 s) on human behaviour related to injury occurrences, within the one-year interval, are examined. Special interest is paid to the analysis of combined effects of APFs and geomagnetic activity (GMA) attributed to low and moderate levels. The relations between the daily number of emergency transport events due to sport injuries (EEI) and daily mean of APF integral amplitudes within the two ranges (DHAI and DHAG, resp.) along with the planetary geomagnetic index Ap are analysed using the regression models based on categorization. As shown, the high DHAI is a rather strong meteorotropic factor, being of relevance to increase in the incidence of sport injuries. The high DHAG appears to be of opposite sense on the background of low DHAI, promoting the decreased EEI number. The consideration of combined effects of the APF and GMA reveals that the negative effects of high DHAI are more pronounced in combination with low Ap levels. The results are discussed from the viewpoint of the necessity of further medico-meteorological studies using databases of most disturbed geophysical conditions.
Introduction
Numerous studies in medical meteorology indicate that abrupt daily variations in the atmospheric pressure (AP) are important meteorotropic factor rendering adverse effects on health and different kind of human activity. However, insufficient attention is paid to the other bioeffective physical characteristics of AP.
It is known, that variety of atmospheric events make pressure fluctuate in very wide range of periods. Particular interest is the meteorotropic features of the atmospheric pressure fluctuations (APF) in the infrasound frequency range (0.003 Hz < f < 1 Hz) related to natural noises in the atmosphere [1] [2] [3] . Most powerful source of APF in stormy weather is the chaotic turbulent airflows induced by strong wind [4, 5] . Apart from acoustic waves produced by air compressibility, the internal gravity waves (IGWs) generated by vertical density stratification considerably contribute to the atmospheric noise. Their periods near the Earth surface are within the range of a minute up to several hours [2, 4, 6] . Below the frequency of 0.003 Hz, the atmospheric waves are transformed into almost pure IGW. It is believed that IGWs with periods between 1 min and 40 min are of relevance to the human reactions [7] . A varying number of sources generate IGWs at lower level of the atmosphere including convective and frontal activity, wind shear, and topography. Severe weather conditions, such as frontal activity, monsoon, thunderstorms, and hurricanes, as well as more intense 2 ISRN Meteorology weather phenomena (typhoons, tornados, cyclones, ets.), are accompanied by generation of acoustical and acousticgravity waves.
The important feature of the APF is that they penetrate buildings [3, 7] and, therefore, could be responsible for weather sensitivity symptoms not only outdoors, but also indoors. Long ago Mezernitsky [8] emphasized that rapid "micropulsations" of atmospheric pressure are capable of influencing human organisms in the worst way. The adverse effects of infrasonic waves, generated by severe storm activity on selected kinds of human behaviour, particularly the increase in the automobile accidents reported Green and Dunn [1] .
It has also been speculated that the heightened anxiety levels in people with mental disorders increase in suicide incidence and the more frequent occurrences of cardiac arrhythmias on days with strong wind are likely, at least partly, to be due to some biological response to wind-generated rapid atmospheric pressure perturbations [2, 9, 10] . The effects of winds blowing from the mountains on human mental activity, characterized by parameters such as reaction time and/or duration of active attention, and indirect indications such as the behaviour resulting in traffic accidents were considered in a number of studies [11] [12] [13] . Lee and Garraway [14] found a significant effect of wind strength on the risk of sport injuries.
Our previous study revealed meteorotropic effects of high APF in the far infrasound range concerning people with circulatory system diseases [3] . The purpose of this study is to examine whether the high APF in the far infrasound and in IGW range of periods can influence human behaviour related to injury occurrences. Sports activity is chosen, as it is a relevant area to the high risk of injury due to extraordinary inner strain up to the limits of human endurances. Therefore, the possible relations of APF within the two ranges of periods (3 s-120 s and 120 s-1200 s) with the daily number of emergency transport events due to sport injuries (EEI) are analysed allowing for the confounding effects of basic meteorological parameters. In addition, the possible association of the APF effects with wind velocity is verified. Special interest is paid to the analysis of combined effects of APF and geomagnetic activity (GMA), since there is increasing amount of evidence indicating biological effects of geomagnetic conditions.
Materials and Methods

Data on APF and Relevant Natural Physical Variables.
The study was conducted in Kyiv city (Ukraine). The continuous measurements of atmospheric pressure, carried out every 0.5 s with a standard high-sensitive (1 Pa) microbarometer (Atmosphere-1, Industrial science-technical cooperative "Dobry shlyah") outdoors during the same one-year period (from 1 July 2005 to 30 June 2006) as in our previous study [3] , are a database for the analysis. The APF spectral parameters and average hourly integral amplitude (HA) in two ranges of periods (HAI: 3 s-120 s and HAG: 120 s-1200 s) were calculated with a special computer program developed by us using Matlab software. According to known definitions [4, 6, 9] , the APF periods are related primarily to the far infrasound in the first range (thereafter I-range) and to IGWs in the second range (thereafter G-range).
Three hourly meteorological data on temperature, relative humidity, wind velocity, and atmospheric pressure were received from the Kyiv Geophysical Observatory. Data on planetary geomagnetic activity (Ap index) are available at the Internet (World Data Centre for Geomagnetism, Kyoto).
Database on Sport Injuries, Its Processing, and Statistical
Analysis. The database on daily EEI number according to ICD-10 coding rules was obtained from the Kyiv Station of emergency services and medicine of catastrophes. The database includes only the total number of EEI related to professional and amateur sport activities regardless of the kind of sport activity or the severity of injuries.
Within the preprocessing of the EEI one-year database, all public holidays were excluded from the data. Since the EEI and atmospheric data for a few days were not available, altogether 345 days were used for the analysis when 1533 EEI took place. The EEI number proved to be larger on Saturdays than on other days of the week, although the significant difference for EEI was revealed only between Saturdays and Wednesdays (P < 0.05). The effect of the day of the week was controlled for by dummy variables.
The EEI number was significantly less in summer than for other seasons of the year (P < 0.00001) for which the EEI numbers are comparable. The decreased EEI number in summer seems to be associated with the peculiarities of social schedules (i.e., a holiday season when amateur sports and school sport activities are minimized). The number of a successive day in the course of the year (ND) was included in the model as the potential confounding variable to control for the temporal trend in the annual EEI pattern. The introduced ND variable allows taking into account not only the effects of seasonal changes of natural physical environmental conditions, but also peculiarities of the social background (e.g., obligatory schedules usual for sport activities, summer holidays, etc.).
The EEI number was related to the daily mean of HAI (DHAI) and HAG (DHAG). Since the APFs are causally related to the wind-induced turbulence, the additional analysis of possible association of the DHA effects with wind velocity (WV) was performed in detail. The possible relation between the EEI and geomagnetic activity (GMA), as well as combined effects of APF and GMA, was examined using the daily planetary geomagnetic Ap index [15] . This parameter is widely used in biomedical investigations. According to the previous investigations, Ap index is the effective parameter for human psychophysiological and autonomic reactions [16] [17] [18] . On the other hand, the Ap index is considered to be an appropriate criterion to identify the degree of GMA at the mid-latitudes, describing quiet (0 < Ap < 8), unsettled (8 < Ap < 16), active (16 < Ap < 30) geomagnetic conditions, and three levels of geomagnetic disturbances (minor (30 < Ap < 50), major (50 < Ap < 100), and severe (100 < Ap) storms, resp.) [19] . Their duration in the studied one-year interval is 190, 99, 40, 10, 4 and 2 days, respectively. The mean daily values of temperature, relative humidity, and atmospheric pressure were considered as potential confounding meteorological variables.
A polynomial approximation was used to visually assess the functional form of the relationship between the EEI and the independent variable. The regression models based on categorisation [3, 20] were applied to explore the relations of EEI with independent variables. The advantage of such approach over parametric regression is the ability to reveal threshold effects, while the strong assumption about the relationships is not required. At first, the values of the independent variables were divided into quartiles. If a significantly different EEI values were revealed only between two groups of the quartiles, then the independent variable values were divided only into two categories. Because of the susceptibility of categorical methods for changing boundaries of the categories, the number of days for these two categories was defined as n1 and n2, respectively, as soon as a tested boundary between them has revealed the most significant difference for the EEI number. The nonparametric smoothing procedures (Loess technique) were used to eliminate (in a stepwise manner) the confounding variable patterns in the EEI data.
All independent variables, as well as the EEI number are not normally distributed. Therefore, non-parametric (Mann-Whitney U-test and Sherman rank correlation test) estimations were applied. Statistical analysis was performed with Matlab 6.6 (Curve Fitting Toolbox), Statistica 6, and MS Excell. (Table 1) indicate the moderate level of atmospheric activity within the one-year interval analysed. This interval also corresponds to low solar activity, which leads to lower levels of GMA measured by Ap value.
Results
Natural Physical Characteristics. Descriptive statistics of variables DHA, WV, and Ap
As calculated, the correlation between the yearly profiles of the DHAI and the DHAG values is high (r = 0.7, P < 0.000001). There are significant seasonal differences in both the DHAI and DHAG levels too, as they are significantly higher during winter and spring in comparison with summer and autumn (P < 0.0009 and P < 0.05 for DHAI and DHAG, resp.). Meanwhile, the DHAI and DHAG values for summer and autumn are comparable (the same is true for winter and spring).
The yearly dynamics of DHAI and DHAG revealed the pronounced correlation with WV (P < 0.00001), which was higher for the DHAI (r = 0.72) than for the DHAG (r = 0.49). This is due to more pronounced causal relationships between WV and APF in the I-range of their periods than in the G-range. However, the DHA versus Ap relationship is rather poor (r = −0.16, P = 0.003 and r = −0.14, P = 0.008 for DHAI and DHAG, resp.).
Relation between EEI and Natural Physical
Variables. The polynomial plot (Figure 1(a) ) shows a nonlinear increase in the EEI number along all days of the interval studied if they are sorted by DHAI values in the ascending order (see also the plot of DHAI values, shown in a similar way in (Figure 1(b) ). The EEI number proved to be significantly greater in the fourth DHAI quartile (with the highest DHAI values) in comparison with the other three quartiles (P is 0.0002, 0.008, and 0.02 for the first, second, and third quartile, resp.). The EEI numbers for these three quartiles themselves are comparable (P > 0.13). The threshold effect of DHAI was assumed to be realistic since the significant difference was found only for the boundary between the two groups of quartiles: the fourth one and the other three. Therefore, all days were divided into two categories, which were determined as low DHAI and high DHAI ( Table 2) .
After stepwise adjustments for the four potential confounding variables (ND, temperature, relative humidity, and atmospheric pressure), the EEI number remained significantly greater on days in the high DHAI-category when compared to days in the low DHAI-category (Table 2) , indicating the independent contribution of high DHAI to the increased EEI number. However, the effect size (determined as the percentage of the relative EEI increase when comparing these two categories) of high DHAI decreased more than two times due to concomitant effects of these four variables. In fact, the effect size is 29.6% (95% CI: 25.6 to 32.8) and 12.7% (8.3 to 16.4) for the raw and adjusted data, respectively.
The DHAG revealed no effects on the relation between EEI and DHAI. Actually, the high DHAI effect size after additional adjustment for the DHAG remained more or less the same with 11.7% (7.8 to 15.5).
When applying the same analysis to the DHAG variable, no significant relation between the EEI and DHAG was found for the raw data and the data adjusted for the four variables. However, the relation is apparent after the adjustment for either DHAI or for the four variables and DHAI. The corresponding plots for the EEI number adjusted for the DHAI or for the four variables and DHAI (as polynomial function) and the DHAG values obtained in a similar way (as in case for DHAI, Figures 1(a) and 1(b) ) are presented in Figures 2(a) and 2(b), respectively. The EEI number is significantly less on days with high DHAG than on days with low DHAG ( Table 2 ). The percentage decrease in the EEI number after adjustment for the four variables and DHAI is −9.3% (−7.2 to −11.7).
Possible distorting influence of high DHAI on the EEI versus DHAG relation was proved by the repeated calculations after removing all days with high DHAI from the data. The significant decrease in the EEI number (P < 0.034) on days with high DHAG (CI: 2.94-3.85 Pa, n2 = 45) versus days with low DHAG (CI: 1.73-1.84 Pa, n1 = 209) was validated even before adjusting for the DHAI. The effect size of high Figure 1 : The EEI number (polynomial models) for raw data (dash-dot line) and data adjusted (solid line) for the four potential confounding variables (a), and the DHAI value (b) plotted against the days sorted by DHAI values in ascending order. DHAG after adjustment for the four variables and DHAI is −15.7% (−9.7 to −22.7). It seems that the high DHAG is favourable for the decrease in EEI number on days with low DHAI (not on days when high DHAI negative effects are strong and dominate).
On days with the high DHAI, the WV values were also profoundly high (CI: 3.02-3.38 m/s, n2 = 91) when comparing with those (CI: 1.83-2.04 m/s, n1 = 254, P < 0.000001) on days with the low DHAI. Therefore, the increased EEI number can be related to the high WV as well as to the high DHAI. In fact, this increase proves to be insignificant (P > 0.13) after adjustment for the WV, indicating the association between the WV and the high DHAI effects. These findings are in line with the high correlation between these two atmospheric variables due to their causal relationships, mentioned above.
A significant, though less pronounced correlation between the DHAG and WV is also mentioned above. However, the effect of high DHAG (when adjusting for the high DHAI) proves to be independent on the WV, since it remains significant (P < 0.01) after adjustment for the WV.
The same analysis as for the DHA was applied to the Ap variable, and this revealed that the relation between the EEI and Ap is also non-linear implying the threshold effect of higher Ap values. A significant difference in the EEI number is revealed between two categories of Ap values. The first category (CI: 5.00-5.65, n1 = 253) corresponds to the two lowest degrees of GMA (quiet and unsettled), with all Ap values being lesser 12. Therefore, this category is defined as low Ap. Such values prevail covering about 3/4 of the interval analysed. The Ap higher values in the second category (CI: 19.40-26.25, n2 = 92) correspond mainly to the third degree of GMA (active geomagnetic conditions), which do not exceed 30. Since this value is generally accepted as moderate activity [15] , this category is in fact of moderate Ap. Nevertheless, some higher values, (mentioned above) including two greatest magnitudes (101 and 102) slightly exceeding the degree of major storm conditions, are in this category. The effect of moderate Ap on the EEI number turns to be of opposite sense to the effect of high DHAI. On the other hand, it is similar to the effect of high DHAG. For the raw data, the EEI number significantly decreased (CI: 3.34-4.43, P = 0.013) on days with moderate Ap in comparison with those (CI: 4.36-5.03) on days with low Ap, with the effect size of moderate Ap being −17.4% (-11.9 to −23.4) . This decrease can be associated with the concomitant effects of the four potential confounding variables as it was more significantly pronounced for the raw data than after adjustment for these four variables (P = 0.037, effect size: −10.0% (-6.4 to −13.9)).
As to the possible combined effects of DHA and Ap variables, the high DHAI (n = 91) and the high DHAG (n = 131) levels were more frequently observed in combination with the low Ap values (n = 76 and n = 102, resp.). Meanwhile, the moderate Ap values (n = 92) were mostly accompanied by the low DHAI and DHAG (n = 77 and n = 63, resp.). Weak inverse correlation between Ap and DHAG as well as between Ap and DHAI is mentioned above.
According to these combinations, the increase in EEI number revealed on days with high DHAI could be related to combined effects of high DHAI and low Ap. By the same token, combined effects of the moderate Ap and low DHAI could be responsible for the decrease in EEI number observed on days with moderate Ap. Actually, these combined effects are confirmed by the facts that the increase in the EEI number on days with high DHAI after additional adjustment for the Ap, as well as the EEI number decrease on days with moderate Ap after additional adjustment for the DHAI, becomes less significant (P = 0.047 and P = 0.045, resp.). The greater increase in the EEI number is shown on days with simultaneously high DHAI and low Ap, especially when comparing to the combination of moderate Ap and low DHAI (n = 78, P < 0.005). On such days, the percentage increase is 20.2% (20.0 to 20.9) after adjustment for the four variables and the DHAG.
Meanwhile, high DHAG and moderate Ap, which both promoted the decrease in the EEI number, were registered mostly on separate days. Therefore, this decrease proves to be no less significant on days with moderate Ap after additional adjustment for the DHAG (P < 0.026), as well as on days with high DHAG after additional adjustment for the Ap (when controlling high DHAI effects, P < 0.012) indicating independent on each other effects of these two variables.
Discussion
The results of this study provide new evidence on meterotropic effects of high APF in the far infrasound frequency range, namely, their relevance as to the increased risk of sport injuries. Moreover, new information on human sensitivity to APF with periods of internal gravity waves (G-range) is obtained using the database on sport injuries.
According to our analysis, it is reasonable to divide all days of the one-year interval studied into two categories of low and high DHAI, their subintervals of occurrence being about 3/4 and 1/4 of all days considered, respectively. The increased EEI number was documented for high DHAI. However, in spite of the quite wide range of low DHAI values, the EEI number persists to be low without significant changing, which indicates the adequate adaptation of people to such low APF levels in the I-range as to usual and common atmospheric noise. Meanwhile, the high APF in the Irange is a rather strong atmospheric factor resulting in the additional strain for the human adaptation mechanisms. As a consequence, a failure of the adequate behavioural reaction during sport activity is likely to take place, which leads, for example, to the increased EEI number. The non-linear relation between the EEI and DHAI manifested by the threshold effect for high DHAI is apparent. Similar relation was found between the DHAI and emergency transport events coded as circulatory system diseases in a previous study [3] . Hence, the high DHAI seems to be some kind of a predictor of 6 ISRN Meteorology the increase in the emergency events due to injury as well as circulatory system diseases.
The EEI versus DHAG relationship proved to be opposite to that of EEI versus DHAI. Such a peculiarity of effects for two frequency ranges is likely linked to the frequencydependent human sensitivity, resulting in the distinctive response. According to this, the APF with larger periods as in the G-range is rather a weaker physical factor than APF in the I-range with the same amplitude. It appears that higher DHAG have the activating and mobilizing effects leading to a more successful sport performance and as a consequence the decreased EEI number takes place. However, the high DHAG favourable effect fails to occur under high DHAI conditions when mechanisms of adaptation are already overstrained by this additional physical environmental factor. As revealed, the high DHAI effect prevails and even distorts the EEI versus DHAG relationship. That is the reason why the high DHAG effect is identified only for days with low DHAI or after adjustment for the DHAI variable.
Of interest are also the possible associations of the APF effects on the EEI number with WV, since the strong wind turbulence is the main source of APF. The mechanisms of the strong wind influence on human health and behaviour are not known. Some authors believe that adverse consequences of the strong wind on human health are due to negative effects of environmental concomitants such as ambient temperature, barometric pressure, positive ion concentrations, and so on [21] . Our analysis yield, the apparent relation of the high DHAI effects with the WV including the evident correspondence of the high DHAI with the high WV, which supports the suggestion that the high APFs are a general physical agent provoking biological response to these two atmospheric factors.
As to the human response, other natural physical environmental variables (e.g., variations of magnetic, electric and gravitational fields) can contribute to combined effects. Namely, the GMA variable related to human health parameters and behaviour is studied recently [17, 19, 22] . According to their inferences, the adaptation of healthy people to normal moderate GMA conditions is obvious, although extremely high or extremely low levels of GMA cause adverse effects on human beings. However, the combined effects of GMA and APF, which constitute changeable environmental background outdoors as well as indoors, have not been considered previously.
The interval studied corresponds to low solar activity, and, as can be expected, GMA is not pronounced. In fact, mainly days corresponding to the two lowest gradations of Ap values prevail. Meanwhile, the category of moderate Ap values corresponds mostly to the GMA third gradation identified as active geomagnetic condition (16 < Ap < 30) . Such levels of GMA can be considered to be the favourable environmental factor from the viewpoint of an adequate adaptation of people (the decreased risk of sport injuries is indicated by the low EEI number). On the other hand, the very low GMA levels appear to be the rather unfavourable factor for human beings. Our analysis shows that the low GMA rather aggravates adverse effects of high APF. It seems that days with simultaneously high APF and low Ap are the most unfavourable, since the relative increase in the EEI number on these days was the highest.
According to a number of studies only extremely high GMA, such as severe magnetic storm conditions are the actual risk for adverse psychophysiological and autonomic reactions of healthy people. However, there was the lack of data on strong GMA levels in this study. Keeping in mind inhibiting effects of severe magnetic storms [22] , it can be only speculated that simultaneous influence of high APF and severe magnetic storms are likely to enforce adverse effects on human health and behaviour. Hence the further investigations are needed using data within intervals of high solar activity, as well as data collected in the high-latitude regions where GMA conditions are most disturbed.
It is believed that natural APF could affect the human body through the ear [1] . Some authors suggested that the special area (viz., pars flaccida) in the tympanic membrane containing elastin fibers is actually a sensor mechanism for pressure fluctuations in the middle ear [23, 24] . In favor of this view, the mechanical reactions of pars flaccida in response to very little changes in the middle ear pressure, as well as to slight pressure oscillations in far infrasound range, were demonstrated by the experimental studies on animals [25, 26] .
We suggest that APF may influence the inner ear, too. The pressure transmission from the external ear canal to the inner ear is well studied in the otolaryngology. Particularly, it is established that a linear relationship exists between the amplitudes of pressure periodic changes in the inner ear and external ear canal of at least within the +/− 200 mmH 2 O (≈2000 Pa) ranges [27] . Some authors believe that there is a pathway, through which changes in the pressure are transmitted from the middle ear to the inner ear and influence the activity of the otolithic receptors. This activity consequently affects the firing rates of the vestibular afferent fibers and of the neurons in the vestibular nucleus [28] .
It is also shown that vestibular activity is dependent on the rates of ambient pressure changes in the middle ear. It is larger under higher rates of pressure changes [29] . May be different effects of high APF in two frequency ranges revealed in the present study are to some extent connected with this peculiarity of vestibular response.
Vestibular reactions to APF were suggested in previous experimental studies applying replicated barometric pressure oscillations in the infrasound frequency range. Kompanets [30] documented vestibulo-autonomic disorders and statokinetic instability in the population of aviators after onehour exposure to pressure oscillations in the barometric chamber. In line with this, a rise in heart rate in a group of healthy volunteers after 15-30 min exposure to simulated quasichaotic atmospheric pressure oscillations was reported in the following study [2] . It can be also suggested that the deterioration in attention parameters under exposition of pressure oscillations, revealed in both these studies, is linked with the influence of upward vestibular fibres on brainstem reticular activating systems and cortex.
The high APFs during adverse weather usually persist for many hours and even for some days. Such long-term influence of high APF on vestibular system can lead to autonomic and motor disorders and promote unsuccessful sports performance resulting in injury occurrences.
To conclude, the present study provides evidence that APF in the both frequency ranges is a poorly known contributor to human response to weather conditions. It appears that high DHAI is a strong meteorotropic factor associated with the increased EEI number, whereas the high DHAG levels are adequate for human adaptation. We propose that the opposite sense of the DHAI and DHAG relations with the EEI number revealed in the study is, at least partly, a result of dependency of human threshold sensitivity and adaptation ability on the APF frequency ranges.
The results obtained emphasize the importance of a more accurate and detailed analysis of the simultaneous and complex influence of meteorological and geophysical variables such as APF in both ranges of periods and GMA. Particularly, the combined effects of DHAI and DHAG modify the resulting output. Actually, the high DHAI unfavourable effects exert the distorting influence on the relation between the EEI and DHAG. Meanwhile, the low GMA aggravates the adverse effects of high DHAI promoting greater increase in the EEI number. According to our analysis the significant relationship exists between the strong wind and high DHAI effects, which is not the case for the high DHAG effects. This is only exploratory study, limited by one-year period with low levels of GMA and by the geographical area (Kiev region) with moderate atmospheric conditions, where still or slightly windy weather prevails. The next step is to extend the analysis over a longer period including the time intervals with severe geomagnetic storm conditions and stronger atmospheric perturbations, as well as other geographical areas to receive data of high APF and stormy GMA levels.
